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FOREWORD

An investigation was conducted for the Naval Air Develepment Center

(NADC) by Mcepounell Aircraft Company (MCAIR) to assess the propulsive Tift
p

18

svstem induced aerodynamics of V/STOL aircraft over a moving deck. The study

was performed under Navy contract N62269-77-C-0365 with Mr, M, M., Walters

of NADC as contract monitor. The MCAIR efforts in this program were accom-

plished under the direction of Mr. J. H. Kamman with Mr. C. L. Hall as

principal investigator, both of the MCAIR Propulsion Department.

The authors are particularly indebted to Mr. J. . Flood for his effort
iavolved in the test program preparations and to Mr. K. P. Connolly for his
assistance during the data reduction and report preparation.  Spocia:
acknowledgements are due Mr. H., Sams, Dr. E. D. Spong, and Mr. R. L. OQwen
for their contributions,

This report ceonsists of twe volumes, The test program descrintion, data
analvses results, conclusions and recommendations are presented in Volume 1.
Appendix A, Test Run Summavry, Appendix B, Static Induced Aerodvnamic Data,
and Appendix C, Induced Aerodvnamic Data in Time and Frequencvy Demains are

»iven in Volume 1T,
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SUMMARY
Tn groumd effect, the propulsive 1ift system induced acrodynarics !
experienced by V/STOL circratt can significantly degrade the aircraft lift

capability as well as the stability and control. In addition, for operations

at sea, the ship motion will cause fluctuations in these induced forces and

UllEL Lt

moment s.

To lavestigate these effects, the induced aerodynamics of multi-jet
V/STOL aircrafc configurations were experimentally evaluated in the dyvnamic
environment of a moving deck as well as at static hover conditions. A
variety of model configurations representative of advanced subsonic and T 3
supersonic V/STNL aircraft were tested in the MCATIR Propulsion fubsvstem
Test Facility utilizing the Jet Interaction Test Apparatus and Deck Motion
Simulator.

Dynamic effects were assessed for heaving, pitching, and vrolling motions
of the deck over a range of deck heights, amplitudes, and frequencies.
Further. the dyvnamic data were analvzed statistically to determinc the fre-
quency content and phase relationships between the deck motions and the 2
aerodynamic responses. Several configuration effects were also assessed in
the test program including the effects of wing height, fuselage contouring,
lifr improvement devices, and nozzle arrangement. Empirical procedures were
defined to aid in predicting the dvnamic jet-induced forces and moments
resuiting from deck motion. In this effort, comparisons werce made between
predictions based on static hover data and the actual dvnamic response data.

Significant results relating primarily to the effects of deck motion are 3
sumrmar ized below: ' 3

o The responses of the jet-induced iorce and noment data to deck

motion are of a complex pericdic nature at the same and/or multi- i
ples of the deck motion frequency, E
o The torce and moment variations predicted from staric hover data
can differ significantly from the actual dynamic data particularlvy
for combined motions (e¢ege., heave and rell).,
o Sinulation of the model lower sarface contouring is important,
particularly in the fountain impingement region. 5

o The induced lTift resulting frem feuntain impingement incredases as

the deck heaves toward the mode!,

o The fountaln appears to have the largest impact on the force and

moment variations with deck motion,

|
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o For a configuration with high suckdown in ground effect, an increase

in 1itr loss occurs when the deck heaves away from the model,

¢ The deck motion ivequency has little effect on the statistical

aerodynamic response but can affect the instantaneous responsc
characteristics.

o Properly designed LID's can significantly enhance the induced

lift ceven at substantial deck roll angles.

Configuration design and model testing guidelines for V/STOL aircraft
are described based upon the data obtained in this pregram. Recommendations
are also made for {urther research to extend the empirical data base and to
provide additional information required to dcvelop gencralized-pfediccion

procedures.
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1. NTRONDLCTION

Operation of V/STUL alrcraft from ships, particularly fromn small
nen=aviation type ships, such as the D63 class destroyer, presents problems
due to tiw siiip notion and the flowricld conditions in the landing arca.  1In
praximity to the landing area, the lite system induced aerodvnamics experienced
by V/STOL airvcraft can signiticantiy degrade the aircraft 1ifu capability as
well as the stability and control. The motion of the ship and the wind condi-
tions cause fluctuations in these induced forces and wmoments, further conpli-
cating V/STOL aircraft take-orf and recovery operations,

The majority of existing induced aerodynamic data are {or static hover
conditions and cannot be used to assess the effects of deck motion.  There-
tore, tlebonnell Aircraft Company (MCALR) conducted an investipation under
contract to the Naval Air Develepment Center (NADC) to parametrically evalu-
ate the jer~induced acrodvnamics of tvpical advanced V/STOL aircraft above a
noving platiorn as well as at static hover conditions. Tihis investijpation was
pertorned without the added complexity introduced by wind

A parametric test program was conducted in the MCAIR Propulsion Subsysten
Test Facility in Februaryv-tarch 1978, using both fully contoured and simple
flat plate planform models representative ol subsonic and supersonic V/STOL
airecratft configurations. The jet-induced forces and moments acting on the
airtrame nodels were measured with a six—component [vrce balance.
Deck !fotion Test Apparatus was used to simulate both simple one axis deck
rotions such as heave and complex multi-axis motions such as combined heave
and rcll. Simple sinusoidal deck motions were used to represeut the ship
motlon,

Tests were performed over a range of deck motion amplitudes and {re-
quencies, representing responses to moderate to rough sea conditions, Con=

figpuration variables included winyg height, nozzle spacing and arrangenent,
and model surface contouring. The tests thus preovide an extensive data basc
on jet-induced aeroedynamics both for static hover conditions and for dynamic
conditions with deck motion,

Following the test program, the force and moment data were analvzed to
assess the effeets of deck motion, Lo conmpare the dvaamic and static hover

data, and te evaluate the effects of the configuration variables, Statistical
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analyses were used o determine the frequency content ot the dynamic responsc

dat v and the phase relationships between the deck motion and the measured

response of the models,  Parametric data plots were generated to assist in

tiwe prediction of the jet-induced forces and moments acting on typical V/STOL

plantorms,  Empivical approaches to the prediction of the dynamic response

to deck motion were also defined. In addition, guildelines relating to general

V/STOL aircratt design and model testing were derived from the test results,
Descriptions of the models and the test eguipment as well as the test

program are provided in Sections 2 and 3. The data reduction procedures in-

volved in computing the induced forces and moments are discussed in Seccion

4 for both static hover and dynamic deck motion conditions. The results are

presented in Section 5 and conclusions and recommendations in Section 6. In

Volume [I, a summary of the test runs 1s given in Appendix A and the basic

static and dvnamic induced force and moment data are presented in Appendices

B and C.




2. MODLLS AND TEST FACULITY

Still scale models representative of both subsonic and supersonic V/STOL

alvreratt configurations were tested in the Jet Interaction Test Apparatus of
the HCATR Propulsion Subsystem Test Facility, The models, instrumentation,
and test cquipment used in the measurcement of the jet-induced torees and

poments Jdre described below,

2.1 SUBSONIC V/STOL MODELS - Two subsonic V/STOL models were tested, a tfully

contoured 3-D model (Configuration 1) and a 2-D planform model (Confipguration

2) as shown in Figures 2-1 and 2-2. These models, approximately 5% scale,

nave identical planforms to simulate the same advanced full scale vehicle
illustrated in Figure 2-3., The aircraft represented has a 1ift fan in the

rorward fuselage and two lift/cruise fans mounted above the wings. Detail

dimensions for the model are given in Figure 2-4,

r4

The fully contoured model, Configuration l, can also be coufigured as a

modified planform model with a ceontoured lower fuselape and wings, as shown

in Figure 2-5, This is accomplished by removing the upper fuselage section

and adding a simple planform extension to simulate the aft fuselage and tail.

The horizontal tail is raised to simulate a high tail. Lift improvement

devices (LID's) can be mounted on Configuration 1 consisting of two longi-
tudinal strakes and a lateral fence which are designed to increase the 1lift in
sround effect by trapping the fountain upwash., Wing pods can be installed on
cach wing to simulate stores. The LID's and pods are illustrated in Figure

The model, as tested, has simple circular nozzles as shown in Figure

2~

.+ Yaw vanes can be provided in the rear nozzles and both pitch and yaw

vaites in the front nozzle as shown in Figure 2-7.

The 2-D planform subsonic V/STOL model, Coniiguration 2, was designed

in a modular fashion to allow a wide range of parametric testing. With this

nodel, the wings can be mounted in low, mid, and high pesitions, The 2-D

planform tail can be mounted ir either a low or raised position,

An inner region plate model was tested to a limited extent to separate

the forces acting on the center fuselage region tfrom the total airframe

force. This model, shown in Figure 2-8, consists of a simple f{lat plate

conprising the area bounded by the three nozzles.

L
- <

SUPERSONIC V/STOL MODEL - The supersonic V/STOL aircraft medel, Config-

uration 3, is a 2-D planform model based on a configuration that has either
ene or two lift fans in the center fuselage and either one or two lift,/cruise

jets in the rear, as illustrated by tic advanced desipns siown in Figure 2-9,
) B I
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ADVANCED SUBSONIC V/STOL CONFIGURATION
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Parameter

Subsonic V/STOL

Reference Diameter, D¢
Wing Planform Area, S,
Wing Span, b

Wing Mean Aerodynamic
Chord, ¢

Tail Area, St

Aircraft Planform
Area, Sp

C.G. Location,
Measured from Nose
Along Fuselage Centerline

Qverall Aircraft Length, L

4.024 in. {10.221 cm)
84.5in.2 (545.4 cm?
21.66 in. (55.02 cm)

4.13in. (10.48 cm)
17.0in.2 (1031,6 cm?)

159.9 1.2 (1031.6 cm?)

12.89in. {32.74 cm!}
25.52 in. (64.82 cm)

Note: Dimensions given in moan scale

2 Jet 3 Jet Configurations
Dje = 3.285in. Dje = 4.024 in. 1, 11,12, 13, 14,
(8.344 cm) (10.221 ¢m) 2,21,22,23
Aircraft C.G. Location 1456 in. 2323in. 1.D.
Balance (36.98 cm) (6.900 cm)

2.323in. 1.D.

5.900 cm)-\!

823 cM) —o] b

(25.55 cm)

|

|

7 7.42in, 21.66n.
324 in. e - ) - | (18.85cm) (55.02 cm)

12.89in.
(32.74 cm)

—er]

1005 m T
-

{a) Subsonic V/STOL

FIGURE 2-4
SUBSONIC V/STOL MODEL DETAIL DIMENSIONS

] 25652 in. (64.82 cm)
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FIGURE 2-7
SUBSONIC V'STOL 3-D MODEL WITH COMPLEX NOZZLES
Confrgaration. 12
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SUBSONIC V:STOL 3-JET INNER REGION PLATE
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As with the planform subsonic model, Configuration 3 was desipgned in o modular
fashion to allow testing with a varicty ot nozzle arranpements and wing posi-
Lions, as shown schematically in Figure 2-10.  An attachment is provided to
sinulate contouring on the lower tusclage,  Tie majoricy ol tests with Con=
Cipuration 3 were conducted with a three nozzle arrangesent conslsting of
A single large diameter nozzle located in the center fasclage and two small
diameter nozzles located In the art end. This nozzle arrangement as well as
the other arrangements and configurations are shown in Figure 2211, [n addi-
tion to the nominal arrangement, the model can be configured (1) with Javge
diameter nozzles in both cthe center and aft foselage and (2) with two trans-
verse medium diameter nozzles in the centur-und twe small diameter nozzles in
the rear, The longitudinal spacing between the fore and att nozzles is
variable for both of these alternate nozzle arrangements., Detail model
dimensions are provided in Figure 2-12

The wing height on Configuration 3 is adjustable to simulate low, mid,
and aigh positions, LID's can be installed on the nominal threce nozzle
arrangement, These LID's, shown in Figure Z-1l(e), consist of the two lougi-
tudinal strakes and a lateral fence.

2.3 ODEL INSTRUMENTATION - The airtframe models were supported, as illus-

trated in Figure?2-13, by a six-component strain gave balance which provides
neasurements of the jet-induced forces actinyg on the airframe. A Task lHark
XXIIT 1.5 inch (3.81 em) diameter force balance, shown in Figure 2-14, was
used due to proven accuracy in previous tests and high frequency response

.(> 1000 Hz). The balance was positioned to align the axial force gage, which
has the lowest force rating (100 1bf), with the lift axis. This provides an
accurate measure of the lift forces acting on the airframe (accuracy within
0.25 percent of the maximum rated lcad).

The jet cxhaust flows were simulated with high pressure air at ambient
temperature. The nozzles of cach of the models were non-metric so as not Lo
transmit any thrust force to the force balance, thus increasing the accuracy
of the jet-induced force measurements. A radial clearance of 0,020 inch
{0.05 c¢cm) and an active grounding detection svstem was provided between the
outside diameter of the nozzles and the model, Lach aozzle was instrumented,
as illustrated in Figure 2-13, to determine the nozzle pressure ratic, jet
thrust, and mass flow rate. The thrust characteristics ol eachi nozzle were

deternmined in and out of ground effect in the MCALRQ Nozsle Tirust Stand.,  No
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a} Single Lift Fan with Dual Lift/Cruise Jots

b} Dual Lift Fans with Dual Lift/Cruise Jots

FIGURE 2-9
ADVANCED S1JPERSONIC V/STOL DESIGNS
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59.9 ft
{c} Dual Lift Fans QP18-0739-29
FIGURE 2-9(Concluded)

ADVANCED SUPERSONIC V/STOL DESIGNS
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Lok el

Lift Cruise Jets - Lift Fun

3
Contoured
Lower
Surtace
31
33
34

LIDs o
1.0in. P |

A Height
s

\

-, ] N
4" e

7 4.7 i Width

{11.94 cm)

F— 9,8 in.

{24.89 cm}

Lift Cruise Jets
Lift Fans

v
? 35
B 36

N a8
> \< 39
Lift Fan

FIGURE 2-10

SUPERSONIC V. STOL MODEL CONFIGURATIONS

2-D Clean, Low Wing

Configuration

Semicontoured

Mid Wing
High Wing

3.00in.

{762 cm)
|

_t_.'. High
-— Mid

(264 rm) ORI S ipdinckspstunimmen) T—T Low

1.50 in.
{3.81 cm)

2-:0 with Lift Improvement
Device (LID) Installed

4 Jet
2:D with Mid Fans
2-D with Forward Fans

2 Jet
2-0 with Forward Fan
2:0 with Mid Fan
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Parameter

Supersonic V/STOL

Reference Diameter, Doy
Wing Plantorm Area, S,
Wing Span, b

Wing Mean Aerodynamic
Chord, ¢

Tail Area “t

Aircraft Plantorm
Area, Sp

Overall Aircratt Length, L

4.024 1n. (10.221 cm)
130.9in. (844 5 cm?)
22.76 0. (5781 cm)

6.24 in. {15.85 cm)
27.91.2 (180.0 cm?)

321.01n.2 (2071.0 cm?)
35.58 in. (90.37 cm)

Note' Dimensions given in model

CG.

3 Jet Balance
Configurations

scale

17.27in.
{43.87 cm)"]

0.576in. L.D.
/ (1.463 cm)

- 461N,
. !(11,71cm)

22.76 in.
(57.8

1 ¢cm)

Die = 2.462 in.

(6.253 cmj

2.323.in.1.D.
3, 31,32, 33 34 (5.900 cm)~,
— -
16.10 in. T =
(40.89 cm) —fre———————] "
23.69in.
2433 in. {60.17 cm) o
(61.80 cm} 1
p=—- 35.58 1. (90.37 cm) ——-l

Balance |-—-———~r 17.27 in. {43.87 cm)
4 Jot \Mod P

Configurations 1»6:21i7n1_ 1.D.
35, 36 J (4. C’“’x_
3.90in.
9.91 ¢cm)

13.10in. (13.27 cm)

‘i/ 0.576 in.1.D. (1.453 cm)

4.6V 0. (11.71 cm)

D

e = 2.462 in.

(6.253 cm)

17.27 in. (43.87 cm)
2323 in. 1.0. {5.900 cm)

%y 14.46 in. (41.34 cm)

2 Jet Q - 2
coﬂﬁgufation‘ 3.00in. ——~————
38,39 (762 cmle] o o _l.

Fwd
13.101n. (33.27 cm) }

20.27 in. l C.G.
(51.49 cm) l
po—— 3658 in. {90.37 ¢m)

FIGURE 2-12
SUPERSONIC V/STOL MODEL DETAIL DIMENSIONS

Dje = 3.285 in.
8.344 cm)
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Rolling Moment Element Balance Quter Case — Balance lnner Case

pO

15in.

Side Force Element Normal Force Element

Normal Force Element Side Force Element

Axial Force Glement
a) Task Mark XXIII Balance Details

N1, N2 Balance normal element - madel axial {drag) force
S1.S82  Balance side etement - model sude toree

A Balance axial element - model normar i furce
\ Balance roll element - model yawing mament

N2(R2!

Model
Balance

Forces are Shown
Acting on Model

Balance
Surtace
ot Left
Mode! Wing
Rated Loads:
Element Load
Normal (Model Axial Forcel 1200 Ibf
Side (Model Side Force) 600 Ibf
Axial (Model Normal Force) 100 Ibt
Roll {(Mode! Yaw) 800 ftIbf
Pitch (Model Pitch) 3600 ftIbt
Yaw (Model Rgll) 1600 ftibf

Note Atrows indicate positive ioads
QPTE-0898-4

b) Model Balance Installation

FIGURE2-14
MODEL BALANCE

re
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substantial ground effects on the nozzle thrust were measurcd except at

heights substantially below typical gear heights.

2.4 TEST FACILITIES - The major elements of the test arrangement were the

Jet Interaction Test Apparatus, the Data Acquisition/Reduction Systems, and
the Deck Motion Test Apparatus.

Jet Interaction Test Apparatus - The MCAIR V/STOL Jet Interaction Test

Apparatus (JITA), Figure 2-15, consists of a 19 inch (0.48M) [.D. settling
chamber, two independent nozzle plenum chambers, a model support beam, and
interchangeable nozzles mounted on the plenums. The JITA is located in a

32 ft. (9.75m) long by 19 ft. (5.79m) wide by 24- it (7.32m) hipgh test cell,
as 1llustrated in Ffgure 2-<16, The large test cell eliminates any wall
effects which might influence the jet-induced aercdynamics. The JITA control
console for the model exhaust flows is shown in Figure 2-17,

Higl pressure air can be supplied con.inuously 1rom 06U) psip tanks at
a rate up to 16 lb/sec to the settling chamber for simulating cxhaust flows.
The air is heated to approximately 100°F. The sectling chamber has a conical
spreader screen and two normal screens te provide uniform flow conditions to
the two nozzle plenum chambers, Nozzle pressure ratios from 1.1 to 7.9 can be
tested. The plenums are provided with independentl: controlled pressure
valves to allow testing at different [(runt and rear nozzle pressure ratics,
This feature is particularly important for some V/STOL econfijurations which
utilize both lift fans and 1ift jets.

The force balance is attached to the support bcam which is centrally
mounted off the settling chamber, The test models are attached to the force
balance, which locates them away from the plenums (typically by one wingg
span), thus minimizing the potential effect of the plenum blockapge on the
induced flowfield,

Data Acquisition/Reduction Systems - A six-component stralun gage balance

was used to measure the steady state and transient jet=induced forces. The
steady state data, including the nozzle exhaust pressures and temperatures,
the ground plane position and attitude, and the balance vutputs, were recerded
at a rate of two samples per second with a Datum Model 129 Disital Data Acgni-
sition System (DDAS) and are filtered with a 10 Hz filter. The DDAS provides

signal conditioning, amplification, and excitation for up tu $U input channels,

The data acquisition console is shown in Figure 2-18, The digitized data
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were recorded on magnetic tape and reduced on a Sclentific Engineering Labora-
tory Model 86 Digital Computer.

To assess the dynamic jet-induced forces and moments, the force balance
analog signals were recorded on a l4 track FM tape, along with the outputs
trom the three ground plane potentiometers and a computer time code, The
balance and potentiometer gignals were also recorded on oscillograph strip
charts, shown in Figure 2-19, for on-line monitoring. A Hewlett-Packard 5451B
Fcurier Transform Analvzer, Figure 2-20, was used off-line to digitize the
dynamic data and analyze the data statistically. The HP5451B has a built~in ;};

analog-to-digital converter and keyboard controlled statistical computations

such as power spectral densities and autocorrelations. Time histories of the
balance data can also be provided for selected time segments,

Deck Motion Test Apparatus - The moving deck hardware, shown in Figure

2-15 and 2=-2, consists of a simulated deck, a hydraulic actuation syster, a
movable support cart, an electronic control system, and electronic/mechanical
safety devices., Two decks are available, one measuring 6 x 6 ft (1.83 x
1.83 m) and the other 3 x 3 ft (0.91 x 0,91 m). The larger deck represents
an aircraft carrier (CV) deck while the smaller deck represents the landing g
platform of a non-aviation type ship such as a DD963 destroyer, The decks
have a 2.0 inch (5.08 cm) honevcomb core with 0.04 inch (0.10 cm) aluminum
skins. This provides a lightweight structure for the fast movements required
for simulated deck motion with small scale models and the rigidity required
to avoid bending. The rigid construction has a high natural frequency and
negligible deflection under maximum jet thrust loading. The natural fre-
quencies of the deck were verified to be well over 100 Hz by a Spectra!l
Dynamics Corporation Real Time Analyzer, 1In addition, static loads werce
applied to the deck at points where jet thrust loads were experienced in the h;
program. The measured deflection at the corner of the deck was .051 inches
(0.130 cm) with the maximum jet thrust load, indicating the rigidity of the
deck.

The hydraulic actuator system consists of a single rotary actuator for
the heaving motion and two linear actuators, located at right angles to one
another, for pitch and roll. The drive arm connected to the rotary actuator

is attached to the deck through a universal joint, The actuators arc powered

2t
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ON-LINE OSCILLOGRAPH STRIP CHART RECORDERS




FIGURE 2-20
HEWLETT-PACKARD 54518 FOURIER TRANSFORM ANALYZER
FOR DYNAMIC DATA REDUCTION
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FIGURE 2-21
DECK MOTION TEST APPARATUS




by a single 30 GPM, 3000 psi hydraulic pump with variable output pressure and
flow rate. The ground plane and actuators are mounted on a movibice support
cart mounted on a track. During testing, the cart i= securely anchored with
bolt clamps through T=beams to the [loor,
The ranges for the deck motions are as follews:
Heave, +6 in (15.2 ¢m) at frequencies up to 3oz, witih higher frequencices
at lower amplitudes.
Translation, +12 in (30.5 cm) maximum travel from g fixed neutral point.
The neutral point can be varied over a 157 in (4bm) range
} by ‘movement of the cart along the tracks.
Pitch, +10° at frequencices up to 3 haz,
Roll, +15° at frequencies up to 3 Hz.

Derivation of these ranges and frequencies is discussed in Section 3.2,

The deck motion is controlled by an electronic control syvstem con:isting
of a function generator for command inputs, scrvovalves for flow control,
amplificr circuit boards, and potentiometers for pusition indication to a
closed loop system. The control console is shown in Figure 2-22. The
control systen provides closed loop feedback position control for accurately
repeatable motion, as described in Section 3,2,

The input command signals can be either a sine wave, square wave, ranp
function, or sine wave superimposed on a ramp. The latter can be used to
simulate take~offs and landings with the moving deck. The deck motion fre-
quency and amplitude are independent variable inputs to the contrcl system
for the three degrees of freedom. To improve the static stiffness of the axes,
a notch filter and a strain gage torsional load feedback -ircuit were incor-
porated intu the control svstem, Lead and lag compensation circuits were
used to adjust the phase relationships between multiple axis motions and to
reduce position error.

Mechanical steops and microswitches are supplied to prevent the deck
from striking the model. Such an impact would cause considerable darage to
the model, force balance, and deck apparatus, The microswitches are {nstalled
on the pitch and roll actuators to sense an acluator overtravel and provide
4 sizral to the control system which automatically drives the declk awav Lo
the .- atral point and halts motion. The mechanical stops are designed with

viscous dampers and rubber pads to absoerb the kinctic cncrgy o! the moving

deck.,
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FIGURE 2-22
DECK MOTION CONTROL CONSOLE
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3. TEST PROGRAM

The test propram was performed in the MCAIR

Jer Interaction Test Appa=-

ratus.  Tiwe test variables and ranges investipgated, and the test procedures

used are described below,

3ol TEST VARIABLES - The primary test variables

consisted ot the model height

above the decerk and the deck heave, piteh, and roll amplitudes and frequencices.

Additicnal test variables included the phase angle between two motions (e.g.,

between pitech and rell), the deck size, and the

nozezle pressure ratios,

These test variables are illustrated in Figurce 3-1.

~—Force
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Rl ] —t+— Rear Nozsles
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Nozzleg - ]
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l - /’i}’Neutral Keight
Mov:ing Deck—\ ,,/,’)/’ ) ?
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— L | o -
= T .
cTm=——— ———— b,
—_—— _ - — = e —_— - itu
Test Vanables
Parameter Ranges

Mode! Nozzle Height Above Deck, H/Dl-e

Heaving Arnplitude, h/D~e

Deck Pitch Angle, o (Aircraflt Nose Up - Positive)

Deck Roll Angle, ¥ (Aircraft Right Wing Down - Positive)
Deck Heave, Pitch, and Roll Frequencies, fh. fx, f7

Dynamic Phase Angle, ¢

Nozzle Pressurs Ratio, Ptl'Pamb

Nezzle Pressure Bias Ratio, P1|

Py
frant  lrear
Ground Plan» Size

0.5t 1G{100 cm)

0.5r0 1.5 (15cm)
Otot10°
Oto# 15°
0to3H:z
0°, 90°
l.1tod4
Qto 1.0

09 T mx091m 183mx1.83m

FIGURE 3-1
TEST VARIABLES
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Several model configuratioan variables were investipated for both the
subsonic and supersonic V/STOL models. These variables included the degree
of fuselagve contouring, the number of nozzles and thelr arrangement, the wing
height, and external appendages such as lift improvement devices. These
model configuration variables are tllustrated in Figures 3-2 and 3-3. The
medel configurations tested are defined in Figure 3~4. The test progran is
summarized in Figure 3-5, A detailed run summary is provided in Appendix A
in Volume II.

Since the deck motion variables are unique to this program, a discussion
of the derivation of the amplitudes and frequencies is felt necessary. The
amplitudes and freqeuncies were derived by scaling typical ship responses to
selected sea state conditions. The nominal design point was Sea State 3,
moderate to rough seas, with significant wave heights of 4 feet (1.22 m) and
15 knot (27.8 km/hr) winds, Reference 1. For landing platforms aboard small
ships, such as the DD963 class destroyer or the FFL052 frigate, the maximum
ful! scale motions were estimared to be 2 heave of #8 ft. (Z.44 m) at a maxi-
mum velocity of 8 ft/sec (2.44 r/sec), a rcll of +#10° withi au period of §
seconds, and a pitch of +2° in 4.5 seconds. These amplitudes are in goed agree-
ment with computed values ohtained from Reference 2. As cau be scen from
results of the Reference 2 computer program in Figure 3-6, the response of a
DD963 class destroyer to tvpical sea conditions is somewhat random in nature,
but at most given periods of time the responsc can be represented fairly well
by a sine wave. The maximum amplitudes for the deck motion simulator were
established by the maximum amplitudes indicated in Refecrence I and the tests
were performed with constant amplitude, sinuscidal motions. To allow for
variations in aircraft and ship headings and speeds, the full scale conditions
selected for the design were a heave of +!( ft (£3.05 m), a roll of #15°, and
a pitch of 4#10° all with a period of 8 <rconds.

The amplitudes are scaled by the nomiunal model scale factor. The [re-
quencies, on the other hand, are scaled by the inverse of botin the model scale
factor and the ratio of the full scale jet velocity Lo the medei jet velocity.
This establishes flowficld similarity between the medel ond Tail scale condi- ?

tions. The jet velocities diffcr only by the ratio of the square roct of the
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SUBSONIC V/STOL MODEL CONFIGURATION VARIABLES
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BT S L Liiee

CONFIC.

NO.

DESCRIPTION

Subsonic V/STOL:

1

. 11
12

13

14
2
21
22
23

“

3-D

Clean

3-D with Wing Pods

3-D with Complex Nozzles
3-D with 3 Sided LID

Semi-Contoured

2-D
2-D
2-D
2-D

Clean

with High Wing
with Mid Wing

with Low Tail

Inincr Region Plate

Supersonic V/STOL:

3
31
32
33
34
35
36
38
39

Semi-Contoured

2-D

[JSI S h'J [P )
lvBvBolivivivie]

Clean

with 3 Sided LID
with Mid Wing
with High Wing
Clean

Clean

Clean

Clean

NOZZIES
NO. | TYPE | POSITION | WING  TAlL
3% Fan Mid Low High
3 Fan Mid Low High
3 Fan Mid Low High
3 Fan Mid Low High
3 Fan Mid Low High
3 Fan Mid Low High
3 Fan Mid High High
3 Fan Mid Mid High
3 " Fan Mid Low Low
3 Fan Mid - -
3 I-Fan,2-Tct Mid Low Low
3 1-Fan, 2-Jet Mid Low Low
3 1-Fan,2-Jet Mid Low Low
3 1-Fan,2-Jet Mid Mid Low
3 1-Fan, 2 Jet Mid High Low
4 2 Fan,2 Jet Mid Low Low
4 2-Fan, 2-let Forward Low Low
2 2 Fan Forward Low Low
2 2 Fan Mid Low Low

* Configuration also tested with only 1
front nozzle or 2 aft nozzles operating

FIGURE 3-4

CONFIGURATION SUMMARY
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CONT'IGURATION

SUBSONIC SUPERSONLC

TEST VARIABLL L1 12 13 14 221 2223
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THRUST BIAS X X X X X

FORWARD FAN X

LI CRULSE JETS X

COUBLNED HOTION: || X X
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GROUND PLANE SIZE| X '

FIGURE 3-5 TEST PROGRAM SUMMARY
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Center of Deck

Platform . R
: i i)

Typical Deck Heave and Ro!l Response of DD963 Class Destroyer
Results from Computer Program Based on Reference 2
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FIGURE 3.6

SHIP MOTION PREDICTIONS BASED ON REFERENCE 2

temperatures. Thus, for typical 1lifc fan nozzle exit conditions where the

full scale trequency cof the motion mayv be 1/8 Hz, the model frequency required

is:
1 1 1 1
£, = . e £, = - (1/8) = 2.2 Hz
s S‘c:ale Tp.  /TT. FS .03 \("‘_—700/560'
Factor i Fs JMS

Deck motions were therefore nominally tested at 2 Hz with sclected tests at
1 Hz and 3 Hz.
3.2 TLST PROCEDURES ~ The test procedures follewed during the program were

established to allow efficient integration of the static and dynamic testing.

Static tiover Testing - The jet conditions were first set at the desired

nozzle pressure ratio, utilizing the automatic pressure valves and manometer.
The deck pousition was then remolely positioned to the desived height and
attitude, based on calibrations of the rotary potentiometer on the heave
drive arm and the linear potentiometers on the pitch and roll actuators.

Once the deck was properly positioned, the data acquisition cyvcle was
initiated to acquire the force balance data and the pressure data.

Static helght, pitch, and roll surveyvs were obtained in discrete

increments with the moving deck support cart seot at a particular positilon.
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To obtain data over the complete height range, three cart positions were
tequired. ngeral]y. the static and dynamic data were obtained in sequence
at each cart posttion.

Mynamic Deck Hotion Testing

UK

= Prior to establishing a particalar deck

notion, static hovee data were obtained to provide a record of the test point

tn the computer printout as well as the nozzle thrust characteristics,

These
reference

dara were obtained with the deck at its neutral point,  Tiwe deck

motion was then established ucilizing the electronic control system,
calibrated potentiometers, peak voltage meters, and a calibrated oscilloscopu.
The wotion in each of the deck's three dearees of freedom was also recorded

vn an oscillograph recorder for reference and to ensure uniferm sinusoidal

motion throughout eaclt test run.

The electronic controi system, shown schematically in Figure 3-7, was
highly reliable and provided exccollent control over the deck nmotion vavelorm
since it was a closud loop system.

Disturbances cauned by nozzle thrust
loads,

friction, spurious electrical noise, and induced drag on the deck were

essentially eliminated and smootly sinusoidal motions risulted, Enampies of
the output wavelorms for heave, pitch, and roll are given in Figure 3-8,
Unee a desired deck motion was established, the dynamic data acquisition
cycele was initiated. This involved recording the force balance ontpute,

the deor wotlon potentiometer outputs, and a computer time code on two 14

track FM tape recorders, The analog data on the tapes were frequently checked

to ensure cthat no data acquisition problems occurred.

At the beginning of the proiram, dynamic data were recorded for five
rrinutes to determine the record leagth required for statistical analvses,

Initial analyvsis revealed that approximatelv twe minutes of data was suffi-
cient. FYurtier post teast analvses indicated that since the dvnamic induced
force and noment data are hasically cither compiex periodic or sinuscidal in
nature, acquiring approximately 30 seconds of data would be

adeguiate in fouture
tests.
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Oscillograph Brush Recorder Traces

Deck Heave fh 2H/

Madel Height
above Deck,

\ ~ Run 228

Time, t - sec

Deck Pitch
Angle, a
deg

Run 200

Deck Roll
Angle, a
deg

Run 212

Time. t - sec
aPIs-0728-20

FIGURE 2.8
SAMPLE DECK MOTION QUTPUT WAVEFORMS
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G DATA REDUCTLION AND REPEATABILITY
Jet=-induced force and moment data were obtained at both static hover
conditions and at conditions with deck motion, Due to the different means of
acquiring the data at these conditions, significantly different procedures
were uscd for data reduction., These procedures are discussed below,

&,1 STATIC HOVER DATA REDUCTION - For the static hover tests, data were

recorded and conditioned as described in Section 3.1 on a Datum Model 120
DDAS. The digitized data were input to a Syvstems Engineering Laboratory Model
86 computer to calculate the induced forces and moments acting on the air-
frame. The computer program utilizes a second order force balance calibration
consisting of a-6 -x 6 coetfficient matrix,

The lift was determined directly from the single axial force gage. The
axial force and the pitching moment were determined from the two gages aligned
parallel to the model centerline. The side force and the rolling moment were
determined from the two gages perpendicular to the model centerline. The
yawing moment was determined from the moment element gage. All moment com-
putations use a representative center of gravity location for each model,

Following the basic force and moment c¢omputations, the results were non-
dimensionalized by the thrust determined from the nozzle calibrations and

the appropriate dimension as follows:

Induced Lift, Induced Axial Force,
CENS = ;_‘—L CFAS = “TFA
G G
Induced Pitching Moment, Induced Side Force,
crys = 2EL crys = &3
FGC G
Induced Rolling Moment, Induced Yawing Moment,
erqg = =BM e o OYH
CR!S Fcb CYMS = Ei];

The model height above the deck was non-dimensionalized by the equivalent

nozzle exit diameter which was computed as follows:

Equivalent Nozzle Diameter, Dje = \'ul

n

- 2
where A, = 7 :E: (D,)” = Total combined exit area of all nozzles
J
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15,
]
and K = Number of nozzles .

Exit diameter of cach nozzle

4.2 DYNAMIC DATA REDUCTION -~ As described in Section 3.1, the dynamic data

were recorded in analog form on FM recorders.  These data are input on com-
mand to a4 Hewlett=Packard 54518 Fourler Analyvzer which digitizes the data
to provide time histories or allow statistical computations,

For the dvnamic data computations, the same basic cquations defined in
Sectien 4.1 were used to compute the Iinduced 1ift, pitching moment, and roil-
ing moment as functions of time. The balance response was more than adequate
to cover the frequency range of interest (0 to approx., 20 Hz). To verify
that the natural frequencies of the model/force balance system were above
20 Hz and therefore would not causc spurious sipgnal interactions, a Spectral
Dvnamics Corporation Real Time Analyzer was used, As can be scen in Figure

4-1, the natural frequencies were above the range of interest.

Verticai
or Yawing Axis

Longitudinal __~" Lateral
or Rolling Axis or Pitching Axis

Model Frequencies (Hz2)

Acceleration Direction F_3-D Subsonic 2-D Supersonic 2-D Supersonic

V,;STOL V/STOL - 3 Jet V/STOL - 2 Jet

Configuration 1 | Configuration 31 | Configuration 38
1. Vertical (Lift) 149.6 127.0 142.0
2. Lateral (Side) 338 25.6 26.4
3. Longitudinal (Axial} 404 20.2 20.6
4. Pitch 40.2 27.0 30.2
5. Ron 52.6 25.8 26.6
6. Yaw 25.6 15.6 26.6

Qrre-0729.27
FIGURE 4-1

MODEL NATURAL RESONANCE FREQUENCIES
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The basic statistical computations primarily atilized in this {nvestiga-
tion were the power spectral density (PSD), and the cross power ctral
density (CSD) which are defined in Figure 4=2, The auto correlation and
the cross correlation were uided to a limited extent but are also defined.

4.3 DATA REPEATABILITY - As discussed in Section 3.3, deck position, attitude,

and motions were set preclsely resulting in repeatable output force and

moment data., An example of the repeatability of the static induced lift for
the subsonic V/STOL configuration is presented in Figure 4-3. Typical repeat-
ability of the dynamic induced 11ft data for a heaving deck 1is shown in

Figure 4-4 fer the supersonic configuration. "Good repeatability is apparent
for both the static hover and the dynamic data.
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Supersonic V/STOL Contiguration 3
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5. DISCUSSION OF RESULTS

The 3er-induced acrodynamics of V/STOL aircraft in hover aover a moving
deck were experimentally investigated. The effects of a number of V/STOL air-
craft configuration variables applicable to subsonic and supersonic designs
were evaluated parametrically, both at static hover and dynamic deck motion
conditions. The data obtained at static hover conditions, which are presented
in Section 5.1, indicate the general aerodynamic characteristics and serve as
a basis of comparison for the data obtained with dynamic deck motion.

The dynamic force and moment data presented in Section 5.2 indicate the
effects of deck heave, pitch, and roll on the induced forces and moments.
The frequency content and the phase relationships between the sinusoidal deck
motions and the aircraft responses are also discussed. Based on the static
and dynamic data, V/STOL aircraft design and testing guidelines are defined.
Empirical methods of predicting the dynamic response to deck motion are
described in Section 5.3.

5.1 STATIC HOVER DATA - The jet-induced aerodynamic data cbtained at st.tic

hover conditions at fixed heights and deck attitudes provide a significant
technology base for evaluating V/STOL aircraft configuration effects as well

as for indicating the basic iet induced aerodynamic trends which can be expected
with deck motion.

Static hover data arc presented for both subsonic and supersoaic V/STOL
configurations. LCmphasis was placed on the induced 1ift characteristics since
this is the critical performance parameter for V/STOL aircraft. However,
induced pitching and rolling moment data are also presented as functions of
height tor the basic configurations and as functions c¢f deck pitch and
roll where the variations in the moments become significant. Measurements
were also made of induced side force, axial force (drag), and vawing moment,
but varfations in these parameters were insignificant and are therefore not
presented in Volume I. All of the static induced aerodynamic data are pre-
sented in plotted form in Appendix B in Volume II of this report.

5.1.1 Subsonic V/STOL Configuration - The basic advanced subsenic ¢ STOL

aircraft configuration, shown in Figure 2-3, represents a three-nczzle, low
wing vehicle with a forebody mounted 11ft fan, and two lift/cruise fans with
tilt nacelles mounted over the wing, 'The cenfipuration variables 1include

model surface contour, nczzle arrangerent, 1ift improvement devices (LID's),

stores, wing height and nozzle vectoring vanes. The test variables include
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height above the deck, deck pitch and roll angle, deck size, nozzle nreseare

ratio, and thrust bias.

Effect of Height = The jet-induced acrodypamic Tift tor the rally con-

toured (3=D), three nozzle subsonic V/STOL model 1s shown in Figure o-la,
Close to the deck, near gear height, ground jet-induced cntrainment causes a
lift loss of appreximately 3 percent of the net thrust., Further away from
the deck, at a height of two equivalent nozzle diameters (“/ch = I, approxi-
miately 14 ft or 4.3m full scale), the induced 1ift peaks at about ..)> percent
life gain, OQut of ground effects (above 50 ft or 15.2m full scale), no
feuntain forms. and only a.minimal -induced 1ift loss of 0.5 percent resuits

from free=jet flow entrainment over Liw aircralt surfaces,

The relative strengrhs of the fountain and suckdown are clearly indicated
in Figure 5-1b, where separate measurements of the fountain strength are show:n
from tests of an inner region plate model (Figure 2-7). Since the fountain
upwash flow is concentrated in the inner region, i.e. the area bounded bv the
three nozzles, the induced 1lift in this regiorn is rcpresentative of the fountain
strength, An estimate of the suckdown forces is computed b subtracting the

fountain force from the net induced lift measured with the corplete 1ivirame
model. As shown in Figure 5-1b, this three nozzle arrangement has a moderately
g fountain which results in a peak lift gain of 5 percent at a heigit of

S
1.5 nozzle diameters.

Effect of Deck Pitch and Roll Angles - The induced lift and pitching

moment for the 3-D model are shown in Figure 5-2 as a function oY deck pitch

angle. Close to the deck, induced lift and pitching moment varv significantly

with pitch angle. Further away, dt an i D, of 5 (35 ft or 10.7m Yull scale) and
above, induced 1lift and pitching moment arg‘insensitive to pitc. angle.

Similarly, close to the ground induced lift and rollirg nmement varvy
significantly with deck roll angle, as shown in Figure 3-3. As with piuvch:,
roll angle has little effect at a height of {ive diameters and above.

Effect of Deck Size - As described in Section 3, two ground planes uwere

used to simulate two different sizes of ship decks, one 3 x 3 ft (2.91 x 0.91m)
representing the small landing platform on a DD963 class destrover and the
other 6 x 6 ft (1.83 x 1.33m) representing the landing deck on a cenveational
aircraft carrier.
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Subsonic V/STOL - Roll Effects
Configuration1 a=0 NPR=15
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Induced Rolling Moment - CRMS

Roll Angle, y - dey

b} Induced Rolling Moment

0P79-089Y 121

FIGURE 5-3 (Concluded)
SUBSONIC V. STOL STATIC ROLL EFFECTS




At statle hover, the deck size has litrtle effect on the induced lift,
as shown in Figure 5~4. This is also the case at various discrete deck roll
and piteh angles as well as tor the responses to dvnamic deck motion.  These
data are presented in the Appendices b oand € in Voluame 11,

For this program, the aircraft models were centered dircetly over the
deck. Thus, the impinging jet flows and subsequent recirculating flowficlds
were similar for both deck sizes. Other interactions may be more significant
for the small landing platform due to the proximity of the superstructure and
the greater likelihood that all of the jets do not impinge directly on the
deck surface. Since the small deck offers more potential problems affecting
V/STQt op§rations: the 3 x 3-ft.deck was used for.the majoricy of the tesrs,

Effect of Model Surface Contouring - An important objective of this

investigation was to determine the degree of configuration simulation required
for jet/lift interaction testing. The subsonic configuration was tested

(1) as a fully contoured model, (2) as a semi-contoured half model with con-~
toured lower fuselage and raised tail, and (3) as a simplified 2-D pianform
nodel. The results shown in Figure 53-5, indicate the effects of body contour
details on the induced lift.

Similar trends are indicated in the data for cach of these models, with
the peak induced 1lift occurring at nearly the same height. However, the
planform models have a significantly higher induced lift in ground effecr.
The semi-contoured model has a higher induced 1ift near gear height, but at
1.5 nozzle diameters and above the results agree with the fully contoured
model. A contouring effect 1is apparent on the planform models up to an H/De
of 5.

Company funded studies performed on a similar planform model instru-

mented with numerous surface pressure taps, Reference 3, showed that most of

the fountafin force 1s concentrated between the two rear nozzles rather than h

near the central fountain region. Thus, the increment between the induced 1
lift of the 3-D and planform models is attributed to differences in centouring i
{n the region of fountain impingement. The 3-D model has upward curvature in 3

this region, thus producing a weaker force than on the planiorm model. The

semi-contoured model has a portion of this region contoured and thus provides

hetter agreement with the 3-D model. These results indicate that although a
simple planform model can be used in low cost conflgurztion streening tests,
some form of contoured model 1s required for obtalning accurate induced

aerodynamic data in ground effect,
54
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On the planform model, testing was cenducted with the horfzontal tail in
the same pluane as the wing and fuselage and also In an elevated plane, as on
the contoured models, Placing the herlzontal tail in the lower plance reduces
the induced lift. This is attributed to a slight increase in suckdown on the
aft-end due to the proximity of the tail to the rear nozzles. The recessicy
of placing the wings and tails in the proper plane on a planform model is
therefore believed to be dependent on the location ot the nozzles relative
to these surfaces,

Effect of Lift Improvement Devices and Stores - The fountain upwash

momentum can be effectively converted to positive 1ift on the airframe
through the use of properly designed lift improvement devices (LID's) mounted
on the lower fuseclage, as shown in Figure 5-6, The LID's act to stagnate
the impinging fountain flow and zedirect it downward, providing an increascd
lift up to an H/Djo of about 2, Near the deck, wvhere lift is especially
critical to V/STOL aircraft mission performance, the LID's improve the in-
duced lift dramatically, more than 10 percent. Although a V/STOL aircraft
cannot perform a VTO with more payload than it can hover with out <f ground
effect (OGE), the substantial lift gain car be used t provide rapid acceel-
eration through the ground effects region and Lo vifset any adverse efrects,
such as result from exhaust gas ingestion, 7o minimize the drag penalty in
wing-borne flight, the lateral fence otf the LID vould be retractable.

The LID's are also efiective even at high roll angles as shown in
Figure 5-7. The induced lift remains positive ovver most of the range in-
dicating that the LID span is sufficient to capture the majority of the
fountain. As shown in Figure 5-8, the rolling moment is adversely affected
at an H/Dje = (0.8, presumably due to the impingement of the fountain on the
longitudinal strakes.

Pods were installed along the lower wing surfaces tn simulate alrcrart
stores. These improved the induced 1ift, but only ncar the deck, as shown in
Figure 5-9, The pods trap the fountain upwash flow In a manner similar to
LID's, but there is no lateral fence to contain the [low, Also, the pods
tested do not extend between the two rear nozzles, where the highest feuntain i
momentum exists.

Lffect of Wing Height - Increasing the wing height on the plantorm medel

increases the induced lift 2 te 3 percent close to the deck, as shown in

Figure 5-10. This is attributed t. a reduction in suckdown on the wing sur=
face. It should be noted that the nozzle exit plane remained constant in

61
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the same plane as the Yow wing Tor these tests. Oul of yrcoad proximity,

the wing height had no effect.

Eftfect of Nozzle Arrangement - The number and arrangement of nozzles has

1 gt

a pronounced effect on induced lift, as shown in Figure 5-11 for the 3-D model,
When only one jet (the forward litft tan) is operating, no fountain forms and
the induced 111t consists only of suckdown, resulting in an 8.5 percent lift
loss at gear height. For the two-jet contfiguration, representing a dual tilr
naceile design, increased suckdown occurs, which overcomes the weak fountain
formed between the jets, This results In a lift loss of 10 percent of the
thrust at gear ™ :ht., On the three=jet configuration, a fairly strong foun-
tain tforms whic sults in a lift loss of only 3 percent at gear height and

a peak lift gain of nearly 2 percent at an H/Djp of 2,

Effect of Nozzle Simulation and Operation -~ Accurate simulation of the

nozzle geometry, the airirame geometry near the nozzle exits, and the exhaust

b A sl L 8 B i ey

flow conditions is particularly impertant in order to provide realistic 3

results, since flow entrainment is strongest in the region of high jet velo-
cities. The effects on the induced 1lift of adding pitch and vaw vanes and a

hub centerbody to the frent nezzle and vow vanes to the rear nozzles are

presented in Figure 5-12, The conmplex nozoics vere found to reduce the
induced 1ift near the deck by as much as 2 percent., From the company funded
Yould osinilar miodel that was pressure dostruacnted {(Rerorence 3y, the
louvers and vanes were found toe alter the flowtield stagnation areas, thus
inhibfting 1low into tiwe Inner repton ard reducing fountain strength,

Inereasing tne neozzle pressure ratic (NPR) f{rom a typical lirt fan value
of 1,1 with subsonic nozzle flow to a divect it jet condition with ciwoks: ]
flow, NPR o: 2,0, reduces the induced 1IfC near the ground approximateiy |
percent, as shown in Fipure 3=13, No effect is seen OGL.  The oftect of
nezzle pressure ratio indicaces that testing with the proper full scale
neczle exdt thich number and cxhaust Lonentum is requirved Lo obLain an accur-
Lo seaulation of he re droalating tlowticeld and the induced acrodyvnamics.
1 fejerity ol the tests with tne subseric conffguration were conducted with
A NP o 1 0y representing an advanced 1110 ran propulsion swst :m,

The indaced THU js catvenels sensitive te the thrust split between i

forward e tan) ond e dhitr o ornise fan) nozzles, as shown in Fyure 1.
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Aospadt o wWith o somestol o ceater G O pereent of the thrust provided by e
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9.1,2 Supersonic V/STOL Configuration - The supersonic V/STOL confip-
urations investigated (Figure 2-10) represe. t a varicty of advanced designs.
The primary configuraction represents either a three= or tour-nozzle vehicle

with either a single or Jdual forward 11ft fan(s) and two vectoring alt lift/
cruise jets. An alternate configuration represents a two-nozzle vehicle with
a single forward 1ift fan and a single aft 1ift fan, each driven by a turbo-
fan engine mounted over the wing. The configuration variables included model
surface contouring, nozzle arrangement and spacing, LID's and wing height.

The test variables included height above the deck, deck pitch and roll angles,
and thrust bias. Tt should be noted that thess - - ~=3 were conducted at the
same heights as for the subsonic V/STOL configu}_ ton. The heights are non-
dimensionalized by the equivéleﬁt jet-diameter, which varies for each con-

figuration.

Fffect of Height - Induced lift characteristics at static hover condi-

tions for the three=-nozzle supersonic V/STOL model with a contoured lower
surface are presented in Figure 5-15, The suckdown is substantially greater
than for the subsonic configuration, since the ratio of planform area to total
jet exit arvi was approximately 5 times larger. 1In addition, the rear jets
are much closer together, reducing the fountain strength. Thus, at gear
height, the induced lift loss is approximately 20 percent of thrust, and OGE
approximately 2 percent. Other data obtained in this pregram and in MCAIR
company funded studies indicate the lift loss for this configuration is highly
dependent on nozzle arrangement and geometry, with substantially lower lift
loss occurring for certain configurations.

Effect of Deck Pitch and Roll Angles - The induced 1ift and pitching

moment data for the three-nozzle semi-contoured model are presented in Figure
5-16 as a function of deck pitch angle. Induced 1lift is relatively insensi-

tive to pitch angle, even close to the deck. This occurs since the fountain

strength is relatively weak. Pitching moment on the other hand is sensitive

to pitch angle at an “/DjeOf 1.7 (7 ft. or 2.1m full scale) or less.

The deck roll angle has only a slight effect on induced 1ift and rolling
moment IGE as shown in Figure 5-17, also due to the weak fountain. The
induced rolling moment tends to be destablilizing, since increasing the roli
angle Increases the relling moment. Rolling the deck pushes the fountain

ta the opposite side of the Tusclage, thus inducing more roll on the alrfirame.
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Supersonic V/STOL - Pitch Effects
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induced Pitching Moment
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Supersonic V/STOL - Pitch Effects
Contiguration 3  Contoured Lower Fuselage - = 0Y
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FIGURE 5-16 {Concluded)
3 JET SUPERSONIC V.STOL STATIC PITCH EFFECTS

16

GP78-0895-72

L‘rrur:;’:.;‘.::: e LI




Ahcab il A A ety A TU D b Ll Al - LU L o T2 SRl £ Rl 1‘.1“,1...3\13351“,._.“.,‘._3’1,;4#“ WTTOT T AT TYIANY ¥ SEYLITPRY WTT G T O T SWRTTTA ST P TR S TR T ey Y

/

- = A | - I m
4 M ™
R N 2
v . m M 0 ™ ) i ( W
| e Qo9 . o
4 5N NN o
TSI S L. .= B
ﬁ . IC
~ wuor~
N~ o
o o M
IR V! *
¥
| -
. : . ! o
) s w
u . w ('8
o Lo w
Do o
" ® R S -t
, eg oMb b R M. o
| £3 b g =
: T3 - i Ea ke O
4 w H ) : -
3 = = : ~
. = o 1 L o= q
€ 2 : + 3R
g w H g 5 .h.. 7]
- i < 3 o
23 m_ s gt
3 ; z
| B W H o .m D S
' o Q - i s =
[ 28 | w
§ M [ 0
, 5 ™ A Z
, e c f : @]
[ 2 : . .M RN R w
2 B . M a
3 : : Cod
§ el :
| - P i Wy
: I S ] [ S R S ©
| EREEER!
: ., O : i :
M i qo B
! o ©
! o
|

~0.04
-0.08
-0.12

94777 - 117 pasnpuy

AL e BN, it e T i 1 ittt v st A IO " 8 U iam s < e s B ot f ¢ [ R, “)



- CRMS

-
bS

Induced Rolling Mome:,

0.006¢
0.004f- -

0.002¢

~0.002 p-+-mct

Supersonic V/STOL - Roll Effects
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Efrect ‘\?_I‘_V_,\'l_o-(}_g_‘_‘!____\\".Iil'!_.'1-71- Ventouring - e e Tects o adding the contouras:
taver tuselage to the meade? ave shows o Yisare 5= 13,0 The Dower Dusetae.

Y AL T AP

contouring tncveases the induced T gt wear heivit approginatels 10O percent

3 crimariiy because the Titt ftan ex: 18 turth v awiy ‘rom the larpe wing and 3
4 tusdelage, thereby reducing the suckdawn. A with the subsoaic V/STOL cond fy- %
3 Y

1

uratfon, the same trends avre tndicatod by Tovhy the plantform ond semt-contoure:!

modelas, but the Torce levels are seasitive te body contouring and the place-
ment of the nezzle exits relative (o the airirame,

Effect of Thrust Bias - The eitect o thrust bias bowween the 110t ran

nozzle and the aft lTift cruise nezzics was investicated at static hover con-

ditions,  These results, sivwn in Fieare H=19, Indivate toal Chwe indaeed Tt

ik it 8 SRRt 2 b

is sensitive to thrust bias.  The optimuem split IGE is te have about 39

percent of the thrust provided by the front 1ift tan as opposed to the

STETTTRATE TR TR AT TR T A O

reminal design thruast sy lit o of 03 percent ter Uhis conlignratien,  Induced

1ift is Lnsensitive to thvust bias O¢

with only the torvard ian operating, no rountain joras and the induced

1ifr consists entively of sackdown,s These dota are compared with the tiaree-
nozzle Jdata in Figure >-20, WU e Isoan Increasc in saclidsim o with
the two rear nezzles operacing, the induced 1ift 1s oniy about 3 percent

higher at ot o oreliativele oo Coannradin s

foraed,

Effect of I,II)'.s: = The elftect of adding LID's to the Lhree=jet supersenic

b SO Y A st B, ittt ik s bk I L gt arodl it

planform modei is shown in Fipure 5-21, The LID's increase the induced it
by 8 percent at gear height, wiich is a substantial increase, but Lhe suck-
down still dominates.,  Qecent cempany fuxied cests en o osimilar condigaration
indicated that careful tailering ol the width, length, deptiy, and piacement

- K

of the LID's can increase the indueed 15t by oas much as 20 rercent o0 thrust,

Thus, the design of the Teower Tuselage and the incorperation of LIN's =nenld

be given careful attention early in the design of o V.STOL airer:lt. As on
b - i

the subsonic confipuration, the LID's are eifective at rell, as shown bv
the iacteases (n 100 in Viwure 3-22.0 N0 adverse oilects on the reiliog

moment are apparent in Figure 5=27.
Pffect of Wing Helpht = Raising the ing on Lhe pianjorn medel was oo

to dvprove the Dudocced Tite b f percent of the thrust at ccar heiasiit, ao

shown in iigure o-240 As Lir Ui Dunonie contiguration, this s doe Lo fpe

reduction in sncdown o0 Lthe wing,  Wing height had ne oerfecs Vo,

=N

o ssase o AR S e T s
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Fllect of dosele Arranpencot ‘1Q§_tﬁn\v3}hé - Nezzle arranyement and spacing

has a sipuificant inluence on the induced aervedynanics, Inoadditien to the
three=nozale contipguration discussed above, o toar-anozzle desipgn (Figure 2-11p)
and a two-nezzle desipn (Figure 2-117) were investigated.

Increased induced 1ift {s evident for the {our-neozzle planform confla-
uration in Figure 53-=25. The increase is attributed to less suckdown and a
stronger tountaln. The suckdown {s lower because the nozzles are nearer the
edge ol the planform, causing less area to be affected from entrainment by the
ground jet tlows. In addition, moving the front lift fans 1orward to increase
the spacing results in a 2 to 5 percent higher induced lift IGE at tie same
nominal thrust split, Wo variations in tirust blas were investigated on the
rour-jet configuration.

The induced lift and pitching moment data for tie four-jet supersonic
planfeorm model with the front 1irt fauns in the mid focation are shown in
Figure 5-26 as a function of deck pitch angle. Close to the deck, lift and
pitching moment vary signitvicantly with the oitch angle, due to the stronger
fountain compared to the three-jet confipguration. Pitch angle has little
effect OGE. Similarly, induced lift and 10lling moment vary significantly
with deck roll angle IGE, but not OGE, as shown in Figure 5-27.

Ine induced lift IGE, sresented in Tigure 3-28, Yor the two-nozzle con-
figuration are similar to those for the four-jet configuration, even though
the fcocur-jet configuration has a stronger {ountain, Increasing the spacing
between the two nozzles increases the induced lift by nearlv 2 percent, How-
ever, even OGE the induced lift is appreoximately 1.5 percent higher than for
the three- and four-jet configurations., A 30/30 turust split appears to be
optimum as shown in Figure 5-29.

Induced lift and pitching moment of the two-jet model are sensitive to pitch
angle near the deck, as shown in Figure 5-30. Induced lift and rolling morment
are less sensitive to deck roll angle IGE than on the four-jet configuration

but are more sensitive than on the three-iet model as shown in Figure 5-11,

5.2 DYNAMIC DECK MOTION EFFLCTS - The primary objective of this program was

to investigate the effects of the heaving, pitching, and relling met'on of a
sinulated landing platform on the iet-induced aerodvnamics of both subsenic
and supersonic V/STOL aircraft desipgns. Dynamic tests were performed with

simple one degree ot irecdon motions, such as heave, and with combined mo-

such as heave and roll,  The response of the aircraft models to the

tions,
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deck motion was used to establish the frequency content of the data and the
phase relationship belween the motion and the response. The eiftects of
selected contiguration varfables on the dvonamic responses were also inves-
tigated.  The dvnamic jet-induced force and moment data are presented in
their entirety in Appendix ¢ in Volume 17 of this report.

5.2.1 Dynamic Jet-Tuduced Force and Moment Data - Tests were performed

at scaled deck motion frequencies and amplitudes which bracketed values pre-

dicted from Reference 2. For example, for a DND963 class destrover in a rough -1
sea the scaled frequency is about 1.5 Hz and the scaled amplitude is about ’:
one equivalent nozzle diameter (about 7 ft or 2.1m full scale). qﬁ

In this study, induced force and moment data were examined for five j

second time segments randomly selected from the dynamic data records, which
were nominally two minutes in length to allow statistical analvses as
described in Section 5.2.2. As with the static hover data, discussed in
Section 5.1, emphasis is placed on presenting induced 1ift. However, the
effects of the deck pitch and roll angles on the induced moment data as well
as the induced lift are presented. In addition, most of the data presented

are for the subsonic configuration.

Response to Deck Heave - The influence of deck heave on the induced lift

of the fully-contoured subsonic model is shown in Figure 5-~32., The heave
amplitude was 1.5 Dje at 2 l'z, with the neutral point set at the heignht for
maximum induced lifc (H/Dje = 2). Thus, the height of the model above the
deck varies sinusoidally from an H/Djeo[ 0.5 to 3.5. The induced lift

response is of a cocamplex periodic nature, but is fairly repeatable, consider-
ing the highly turbulent nature of the flowfield. It should be noted that

for each of the dynamic data presentations, the deck motion is shown properly
aligned with the aerodvnamic response.

At a typical gear height, H/Dje of 0.7, the 1lift loss is about 3 percent
of the net thrust. As the deck moves awav from the model, the induced lift
reaches a peak level near H/Dje of 2.0 and then begins to decrease as H/D,e 4
approaches 3.5. However, when the deck approaches the model, peak lift is
higher at an H/Dje of 2. This increase in lift (approximately 2 percent) is fi
attributed to a compression or increased cushioning effect in the fountain
region due to the velocity of the deck (approximately 6.3 fps or 1.9 m/sec. max).

The inner region plate model described in Sectien 5.1.1 enables the
separate evaluation of the heaving motion on the fountain forces. In dynamic
tests with the inner region plate model, the same incremental increase in

the fountain force occurs with approaching deck motion as with the complete
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model.  These results, shown in Figure 5-33, support the conclusien that the
increased life effect with approaching deck motion is associated primarily
with the fountain.

The induced litt is intluenced at certain heights to a slight degrec by
the {requency of the deck motion, as seen in Figure 5-34, where Jdata are pre-
sented for both 1, 2, and 3 Hz. A larger difference is apparent at 3 liz be-
tween the induced lift values for heave toward and away {rom the model. This
is attributed to the change in peak deck velocity and the modified cempression
effect in the fountain.

The decrease in the induced lift variation with heave amplitude is shown
in Figure 5-35 for an H/Djeof 2. The reduced response is apparent at a heave
amplitude of 0.5 Dje'

Response to Deck Pitch and Roll - For small ships, the roll is generally

the motion having the highest frequency and amplitude, and thus, may have the
most impact on V/STOL aircraft operations. For example, the DD963 class ship
can respond to a rough sea condition with a roll of approximately +10° and

a full scale period cf about 8 seconds (Reference 2). The deck pitch is of
much smaller magnitude, generally around #2°. However, for this study c¢qual
pitch and roll amplitudes were investigated, since it was assumed that the
V/STOL aircraft could land or take-coff at any orientation relative to the deck.

The induced 1lift and rolling moment variations for +2°, +6°, and +10°
of deck roll are presented in Figures 5-36 and 5-37 fur the subsonic config-
uration at an H/Dje of 2. A significant induced 1ift loss occurs for roll
angles greater than +2°, This is attributed to a loss in the fountain lift
as the impingement point moves off the centerline toward the side further
away from the deck and to the upward slope of the fuselage relative to the
deck. The 11ift loss 1is accompanied by a destabilizing rolling moment, which
1s primarily caused by fountain impingement on the wing. With dvnamic motion,
the impingement oscillates back and forti from one wing to the other.

The effects of deck roll are highly sensitive to height as shown in
Figure 53-38, where the induced lift and rolling moment data are presented for
+10° roll at H/Dje values of 0.8 and 5, Adverse effects are negligible at
an H/Dje of 5,

The induced lift and piltching moment variations for i3°, 16°, and i10°
of deck pitch are presented in Figures 5-39 and 5~40 at an “/Dje of 2, In~

duced lift losses are apparent primarily at the positive, or nose up, pitch
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FIGURE 6-34
SUBSONIC V-STOL HEAVE FREQUENCY EFFECTS
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attitudes relative to the deck, This 1s attributed to increased suckdown
near the two rear nozeles and att-end, which are nearer the deck at positive
piltch angles,

The induced pitehing moment tends Lo become more negative (nose down) with
negative pitch angle, probably due to an increase in suckdown on Lthe fore-
body and movement of the fountain impingement point aft.

As with deck roll, the adverse effects of deck pitch are negligible at
anll/Djoxn 5. This is jllustrated in Figure 5-4] where the induced lift and
pitching moment are presented for +10° pitchat H/l)je values of 0.8, 2 and 5.

Bagsed on the effects of deck pitch and roll discussed above, a pre-
ferred aircraft orientation, parvticularly during recovery operations, may be
derived. Since deck motion in the roll axis of the aircraft has more
impact on the 1ift and stability, alignment of the aircraft roll axis
with the ship plcch axis would appear to be favorable due to the lower
amplitude pitching motion of ships.

Response to Combined Motions - Tests were performed wlth various com-

binations of heave, pitch and roll motions to measure the jet-induced aero-
dvnamic response of the aircraft to the complex flowfields established under
these conditions, The effect of the phase angle between the motions was

also Investigated (e.g., the roll and pitch motions were tested 1n phase and
90° out of phase). Most of the tests were made on the subsonic configuration
at anl!/Dju of 2,

The 1lift response to combined heave and roll motions is presented in
Figure 5-42. The heave amplitude was 1'Sch and the voll amplitude +10°, both
at 2 Hz. A 11ift loss of approximatelv 6 p&rcent occurs near a tvpical gear
he{ght.

Responses to combined heave and pitch; pitch and roll; and heave, pitch,
and roll are presented in Figures 3-343 thirough =45 . Each sec of data
indicates a fairly well defined, repeatable, complex periodic response tu the
combined motion. Thus, the response to complex motions 1s not random, but
tollows a consistent patteru.

Limited tests were performed with heaving motion superimposed on a4 height
variation to simulate vertical take-~off and landing maneuvers, The heignt vari.i-
tion (or variationof the deck ncutral point) was accomplished using a ramp lfunc-
tion generator for the height, plusa sine function generatuer for the heave.

A partial trace of rhe induced 11ift response taken 1na helgint ranpge from “/nju
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SUBSONIC V.'STOL INDUCED LIFT FOR PITCHING DECK
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FIGURE 6-40

SUBSONIC V STOL INDUCED PITCHING MOMENT FOR PITCHING DECK
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FIGURE 6-41
SUBSONIC V- STOL HEIGHT EFFECTS FOR PITCHING DECK
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FIGURE 5-41 (Concluded)
SUBSONIC V STOL HEIGHT EFFECTS FOR PITCHING DECK
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FIGURE 6-44
SUBSONIC V/STOL INDUCED LIFT FOR PITCHING AND ROLLING DECK
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FIGURE 5-45
SUBSONIC V/STOL INDUCED LIFT FOR
HEAVING, PITCHING, AND ROLLING DECK

117




~

of 2 to 5 with a heave amplitude of approximately 1.0 D:) is shown in ¥Fipgurc
5-46., The results simulate a vertical Janding at a dvﬁﬂ:nt rate of 0.06

[ps (or 0,018 m/sec), which is considerably less than actual descent rates
(about 3 fps or 0,9 m/scc). However, the results are wore clearly indicated
at this rate. Data tor higher rates are also available in Appendix C.o The
induced lift variation shown in Figure 5~46 indicates an increas. in lift as
the deck helght approaches an “/Diu ot 2, and s generally consistent with
the data obtained for morions about fixed points.

Configuration Effects = The effects of overall aircraft design (subsonic

versus supersonic), nozzle arrangement, l1ift improvement devices, and fuselape
contouring were also examined, Induced lift data are presented for a heave
amplictude of 1.5 Dje at an H/Dje of 2. The gffccts of ;hc selected configuré-
tion variables are general’y consistent with those observed in the static
hover data at a given height.,

The three-nozzle subsonic planform configurarion is compared to the
three-nozzle supersonic planform configuracion in Figure 5-47. Substantially
different induced 1lift variations are apparent since the subsonic contigura-
tion has a relatively strong fountain and low suckdown whereas the sucxdown
dominates the supersonic configuration.

The effectiveness of the LID's in improving the lift characteristics of
the subsonic configuration IGE can be readily seen in Figure 5-45. The
maximum induced lift of approximately 12 percent is even larger than that
measured in static hover tests due to the increase in the cushioning effect
when the deck is approaching the model. The results for rolling motion in-
dicate that the LID's are effective even at high roll angles, consistent
with the static data results. These data are given in Appendix C.

The fuselage contouring effects on the induced lift can be recadily seen
in Figure 5~49 for the subsonic configuration. The largest diiference is
near the deck neutral point, H/Dje of 2, and as explained in Section 5.1, is
attributed to the difference in curvature in the region between the two rear
nozzles. This is the region of the strongest fountalin momentum and the
resulting net 1ift on the fully-contoured model is reduced due to the upward

curvature of tie lower fuselage.

5.2.2 Frequency Content and Phase Relationship of the Dynaric Data -

The frequency content of the aerodynamic response to the deck motion was
assessed statistically by performing a power spectral densitv analvsis. Since

the induced force and moment data were Tound Lo be stochastic complex periodic
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3 H/Djg=2 h/Djg=+15 fh=2Hz a=0° 5=Q°
i 4 e e
A8 ) LA
1 HEIGHT 3 A / \ [ i I |
{ WD, 2 \ T ' H
; S VATV R
0
E’- CONFIGURATION 1 FULLY-CONTOURED  RUN 384.2
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Fa 1 ’ ' ‘ l'., h !
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F
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FIGURE 5-49
| SUBSONIC V/STOL FUSELAGE CONTOURING EFFECTS FOR HEAVING DECK
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data and not non-stationary random data, substantially less than the two
minutes of data acquired are actually necessary to assess the fre ency content,

The phase relationship or lag time between the input deck motion and the
output acradynamic response was obtained from the cross power spriic gl density.
Limited auto correlations and cross correlations verified that the major aero-
Jvnamic responses measured were of a periodic nature similar to the input
motion and that the responses correlated with the motion,

A power spectral density (PSD) analysis of the induced lift data is pre-
sented in Figure 5-50, reflecting responses to heaving motion (amplitude of
1.5 Dje) with the neutral point at an H/ch of 2 on the fully contoured sub-
sonic model. The PSD indicates that the major response is at the Trequency
of the deck motion, in this case 2 Hz (about 0.1 Hz full scale). Lesser
responses are apparent at mulctiples of this frequency,

PSD's for deck motion frequencies of 1 Hz and 3 Hz, shown in Figure 5-51,
indicate the same results. Depending on the shape of the lift loss curve and
the neutral point sctting, a response at higher frequencies can result from
a given motion. For example, about a certain neutral peint, a configuration
may have an induced 1ift variation with height which has a local maximum
point in addition te different end point values. For heaving motion, responses
will be at the primary frequency (heave frequency) and also at twice the
primary frequency. Examination of 1ift loss characteristics measured at static
hover conditions verifies this observation.

The lower deck heave amplitudes at an H/D,eof 2 result in less variation
in 1ift, as shown in Figure 5-52. Integratioﬁjunder the PSD curve provides
the root mean square value of the induced lift. Responses at nizher frequencies

are not as apparent as in Figure 5-50, due to the height range covered.

The phase relationships between the Jinput motion and the "esponses were
analyzed statistically using the imaginary portion of the cros: power spectral
density (CSD) function, which is expressed in terms o phase angles. These
phase angles were correlated with aircraft height to i1llustrate the change In
phase angle with distance. Results are shown in Figure 5-53.

As expected, the phase angle lags increasingly witn the height above the
deck, The phase angles can be enpressed in terms of a lag time as well, The
results indicate essentially an instantaneous response to the deck motion when
the model 1s near the deck. The slope of phase angle versus height remains

nearly constant for heaving motion with Jdifferent configurations. However,
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CONFIGURATION 1 H/Djg =20 h/Dje=215 f=2Hz a=0° y=0° RUN 902

HEIIEHT , /\ /Lf\ » ﬁ’:”[i@zi
VV VUV

T ==
0 1T
0.08 — - - : _ _
INDUCED 0.04 q A— J"\ 7 ﬂ
T
LIF N\ /\ M NAYY
* ARVERY RISRVARVARVAN)
Fg e
--0.04
T
V VTV LY
~0.08 l {
) 1 2 3 4 5
TIME, t - SEC
0.014 —
! l i l
0.012 '
i N
0.010
POWER 1
SPECTRAL 0.008 -
DENSITY L
Gylfy ~ 0.008
(rms/Hz)
0.004
0.002 &
00.1 1 10
QP78 0095-3¢
FREQUENCY, f - Hz
FIGURE 5-50
SUBSONIC V ‘STOL INDUCED LIFT PSD RESPONSE TO HEAVING DECK
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CONFIGURATION 1 H/Djg=2 hDjg=1156 fh=1Hz «a=0° y=0° RUN90.1 i
4 } -
L o
HEIGHT A %?:-’ =T

2 i |

H/Djq \/ v C'y——-al-_'.._z' v

1 r::_q,__ ;.;TE’T
o 0 ], L 1 o d

0.8 3
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LIAFLT 07\\ yf‘\ /vw n \:\ [\/\,‘

o ol \

144

-0.8
0 1 2 4 5
TIME, t- SEC
0.016
0.014
0.012 ;
POWER 0.010
SPECTRAL
DENSITY 0.008
Gy (f)
(rms/Hz) 0.006
0.004
0.002
0 . |
0.1 1 10
FREQUENCY, f-Hz GP78 089837
8l fp =1 Hz

FIGURE b-61
SUBSONIC vV STOL INDUCED LIFT PSD RESPONSE WITH FREQUENCY VARIATIONS
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CONFIGURATION 1 H/Djg=2 h/Djg=%15 f=3Hz o=0° =0° RUN903

4 *? -2
| T Sy
HEIGHT PR
[ 'L
WD, 2] SRS
je , H
R
c M i
o4 — o
0.08
INDUCED 0.04 A _ J A
LIFT . A ] ' N
= I IR I
FG  -0.04
V
-0.08
0 ! 2 3 4 5
TIME, t- SEC
0.020
0.018
0.016
0.014
POWER 0.012
SPECTRAL
DENSITY 4910
Gyl
(rms/Hz) 0.008
0.006 _
0.004
0.002
0
: 0.1 1 10
; FREQUENCY, f - Hz
b) Fh =3 Hz [T EITIE

FIGURE 6-51 (Concluded)
SUBSONIC V/STOL INDUCED LIFT PSD RESPONSE WITH SREQUENCY VARIATIONS

126

. .‘mﬂg

e

woik i Llbe

SPRTTRTIT ¢

b bt SR

(O RTRTV R RTINS P

b

PR T DU




o T P TR TR A

CONFIGURATION 1

4 3 2l ( !a,
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0 [ 7 3T
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_0.040 3 . . y |
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( : )x 10’4
Hz 15
1.0
0.5
N N T
0.1 1 "
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a) h. D’e =05 aPe.008s. 4

FIGURE 6-52
SUBSONIC V/STOL INDUCED LIFT PSO RESPONSE WITH AMPLITUDE VARIATIONS
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CONFIGURATION 1 H/Dje=2 h/Dje=10 fh=2Hz «=0° 7=0° RUN904

HEIGHT

0.06

u;r 0.02 V\V J vh\ﬁ‘g,_\'m A[“IVM“ ™

At 0
Fa
002 - . +
004
0 1 2 3 4 5
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18 —— 1 '
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( 2 )x 10 086 —J
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ol _ J
0.1 1 10 !
FREQUENCY, f - Hz arrronmss '
bl h/D,e =10

FIGURE §-62 (Concluded) i3

SUBSONIC V/STOL INDUCED LIFT PSD RESPONSE WITH AMPLITUDE VARIATIONS
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configuration dependence 1s scen for deck rolling motion at different heights,

as shown in Figure 5-54,

To further examine the frequency content and phase relationship of the
data, classical linear frequency-response methods were applied. The deck
frequencies were varied from 1 to 3 Hz at several heights for sinusoidal
heaving motions representing full scale periods of ahout € to 20 seconds.
The resulting amplitudes and phase angles of the induced aerodvnamic response
are presented for the subsonic configuration in Figure 5-55 in a conventional
Bode diagram format. The ratio of response to deck motion, given in decibels,
has a constant gain factor as shown by the data. The phase angle, given in
degrees, changes only slightly over the frequency range indicating a trans- =
portation lag.

The transfer function of the aerodynamically coupled system is nearly
conegtant, thus indicating that this 1s a simple proportional system and that
varving the frequency from 1 to 3 Hz has little effect on the response. Tt
should be noted, however, that the transfer function is generated from a
statistical value of the response, and thus may nor reflect frequency effects
at certain instances in time. This would include the frequency eifect
observed due to heave in Figure 5-34, The gain factor for the amplictude does
change with neight (Figure 5-55) and is configuration dependent. Similar
results also apply to deck rolling motions as shown in Figure 5-56 for the
supersonic V/STOL configuratioun.

It should be noted that the frequencies tested sre relatively low, and
that an amplitude roll off could be expected at higher frequencies, but such

frequencies would be well beyond the range of realistlic ship motions.

5.3 EMPIRICAL PREDICTION PROCEDURES - An objective of this program was to

develop empirical procedures for the prediction of tbhe induced force and
moment variations with deck motion. Past efforts, both analviical and experi=~
mental, have been directeu toward development of procedures for static hover
conditions. One such analyvtical study, performed under contract to NaDC by
MCAIR, involved the developrent of methodology for the predicticn of the jet-
induced aerodynamics of multi-jet V/53TOL aircraft both in and out of ground
effect, The results of this program are veported In Reference 4, Currently,
the methodalopy provides reasonable results for the suckdown foices but the

fountain aimpingemeut model overpredicts the resultant 1ift force.
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Moment vs Roll Angle
f,=2Hz a=0°

Supersonic V/STOL - Induced Ralling
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FIGURE 5-54
RESPONSE PHASE ANGLE WITH HEIGHT VARIATIONS FOR ROLLING DECK
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Configuration 3 Supersonic V/STOL - Rolling Deck Transfer Function
y=410° a=0°

100 [ —rommss mrs e s s g e e 200
S i .
|
R
e
AN ) 1
3 {
‘ | i

Y Wb, RunNo. i
60 —~——= -
T a 13 120

"o 33 234

Phase Angle, Qutput 1o Input, o - deg

Amplitude Ratio, Induced Litt Qutput 10 Roll Input

..... 1 [ I
-40 it s __.g,__;_._. . _,A_._,___,_._; —-80
] 2 4 6 8 10 20

Frequency, « - rad.sec GP18-0895-39

FIGURE 5-56
AMPLITUDE AND PHASE ANGLE FREQUENCY RESPONSE TO ROLLING DECX

e S N

e R T S M STEUTED T AR L A T T




A significant quantity of empirical fnformation was required to develop
the Reference 4 methodology, particularly relative to the entrainment of the
jets and the fountain formation. Areas where additional data arce necded to
improve the procedures are indicated in Reference 4. Tt is further noted that
the comprehensive theoretical prediction of the complex flowfields and the
resulting induced aerodynamic forces for arbitrary V/STOL configurations is
several veidrs off, even for static hover conditions. Such a method would be
invaluable as a screening tool and efforts are continuing in this areca at
MCAIR under both contracted and company funded programs. However, complemen-
tary efforts, relying more heavily on experimental induced aerodynamic data
are necessaryv at this time to develop rapid prediction procedures for statijc
hover conditions and to address additional factors such as the effects of decg
motion, wind, and superstructure. This program supplied substantial data for
both static hover conditions and deck motion.

5.3.1 Prediction of Deck Motion Effects from Static Hover Data - The

parametric induced aerodvnamic data given in Section 5,1 provide the capa-
bility of predicting the induced forces and moments acting on configurations
similar to those investigated for static hover cenditions, The data can be
used to predict tne effects of height, pitch, and roll, nozzle arrangement and
spacing, LID's, and many other V/STOL aircraft design variables applicable
to both subseonic and supersonic configurations. Further, the static ddta
can be used to predict the induced aerodvnamic response to deck motions by
assuming that the motion is quasi-steady state, This can be accompiished
for a given deck motion, which mav Dbe complex periodic in nature, by deter-
mining the deck heighc, pitch, or roil angle variation with time and obtain-
ing from the static hover data, the corresponding variation in the induced
acrodynamic characteristics of interest,

Since the deck motion was well defined in tnis program, the attitude or
position of the deck at anv particular time can be determined. Thus, the
motion can be defined by a series of discrete points. The induced force and
moment variations can then be evaluated from plots of the static hover data,
Comparisons of the induced lift were made for heave, pitcir, and rell at a
neutral point,H/f)iu of 2, for both the subsonic and supersonic configurations,
In addicion, ccmp;risons were made of the dinduced rolling and pitching

moments for the angular deck motions.
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Based on the statlc hover data obtained, it was also possible to generate
comparative predictions for some of the combined motions. These comparisons
vere miade for combined heave and roll and combined pitch and roll both in
phase and out of phase. The combined motions particularly indicate some
rather significant differences from the static predictions.

c1ve, Plrch, and Roll - Subsonic V/STOL Configuration - The comparison

of Lt static hover prediction with dynamic data for heaving motion is pre=

sented in the time domain in Figure 5-57, The results are in falr aygreement,

1 sl St o A ke Lide S L s it ‘)M

with the exception of the increased fountain cushion effect which occurs as

Kbl G, L i ot oSt b sk

the deck approaches the model from the maximum height of 335-Uje' The diirer-

-

vnce is more clearly shown by presenting the comparison as a function of
iieipgiht as in Figure 5-58, This comparison wvas @ .de by fairing a curve
through a series of discrete points selected from the time history.

The static to dynamic comparison for the induced lift variation with
deck pitch is shown in Figure 5-59. Fairly good agriement is indicated, but

an increase in lify from the fountain (approximately 1 percent) with dynamic

R A T

deck motion is apparent., This is attributed to the increased cushioring
effect in the fountain due to the deck pitching motion.

In Figure 5-60, a fairly large difference is seen between the static
'predicxion and the dynamic data fc - induced pitching moment, the dynamic data
indicating a more negative or nuse down pitching moment. ‘ne negative pitch-
ing moment with positive pitch (neose-up relative to the deck) is atvtributed
in part to an increase in the fountain impingermcnt force between the two ‘
rear nozzles due to the compression effect. This has been shown to be the E
region of highest fountain strength in Reference 3 and is aft of the c.g.,

thus the force on this region jprovides a negative pitching moment centribution,

LA e

This overcomes the positive pitching moment contribution caused tv the in-
crease in suckdown on the aft fuselage. The negative pitching moment with i
negative pitch (nose-down relative te the deck) is5 attributed primarilv to
movenent of the fountain further aft of the c.g. than cccurs at fixed deck
pitch angles.
The static (o dynamic comparison for deck roll is shown in Figure 5-61.
As with pitch angle, the dynamic induced lift variation is approximotely 1
percent higher., The Induced rolling moment variaticn 1s alsc shown in Ficure v
5-f). The dynamic data are noat syvmmelric about the zero level as is tie
static hover prediction, This mav have been due to a slight offset (abe 't
0.»°) in the angle, since the rolling moment is verv sensitive to roll |

an. e neir zeru degrees (see Figure 3-3b). !
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Heave, Pitch and Roll = Supersonic V/STOL Configuration -~ The comparison

ol the static prediction and the dynamic data for heaving motion Is shown in
Figure 5=-62. The induced lift is daminated by a large suckdown. Although the
minimum induced 1irt levels compare weli at an }I/I)]c of about 0.8, the

dvnamic data reflect a 1ift loss significantly higher than the predictions

(as wmuch as 8 percent) at H/Djc vilues above 1,6. This is attributed to an ir-
credse in suckdown effect reshlting from the rapid movement of the deck away
from the model. This adverse effect is noi apparent on the subsonic config-
uration, probably duc to its rather low suckdown and strong fountain. Since
there is consistent evidence that there is an increase in the fountain 1lift
with deck motion toward the model, it is logical to expect that there will

he some decrease in lift when the deck moves away from the model, particularly
when the suckdown dominates the induced lift,

The static to dynamic comparison for the induced 1ift variation with deck
piltch is shown in Figure 5-63. The induced lift variation is more noticeable
in the dynamic data than in the static hover data. Likewise, the pitching
moment variation increased with deck motion as shown in Tipure 95-64., As
observed on the subsonic V/STOL model, the induced lift is higher and is
accompanied by an increase in the nose down pitching moment, The change in
pitching moment with deck motion 1is attributed to the same reasons as dis-
cussed for the subsonic medel.

The static to dyvmamic comparison with deck roll is shown in Fipgure 5-55.
As with the heaving motion, the deck rolling motion has an adverse effect
on the induced lift, An adverse effect on the induced rolling moment also

occurs, as indicated in Figure 5-65,

Combined Motions - Actual sea state conditions, being of a complex periodic
nature, cause a conplex response from ships, as indicated in Reference 2, To
evaluate the effects on induced 1ift, several combinations of heave, pitch, and
roll motions were investigpated, primarily with the subsonic configuration,
Predictions of the induced forces and moments could be made for some cases,

The comparison for a combination of heave and roll {s shown in I'igurc
5-66 for an “/Dje of 2. The static hover prediction was obtained from a para=-
metric plot of induced 1ift as a function of roll angle for scveral heiphis
(Figure 5>=3a). For discrete roll angles, the induced 1ift was determined by
interpolation. It can be seen that the actual induced 1it* with conbined
motion was lower than predlcted, The extremely complex, tucbulent flowticl!
created under such combined motions ie belicved to increase the nising and

entrainment and thercfore, increase the lift loss, For this casce, the heave
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FIGURE 6-68

SUBSONIC V/STOL STATIC TO DYNAMIC INDUCED LIFT AND INDUCED ROLLING MOMENT
DATA COMPARISON FOR HEAVING AND ROLLING DECK




and the roll were in phase such that the deck motion resembled a swinging
door. To supplement the induced 1ift comparison, a comparison of rolling
moments is also shown 1in Figure 5-66. A fairlv good comparison is seen,

The static to dynamic comparison for a combinatfon of deck pitch and roll
in phase s given 1in Figure 5-67. In this case, the deck rocks diagonally
from corner to corner and the values of the pitch and roll angles are equal
at all times, Static tests were performed by setting the deck pitch and roll
angles at equivalent values. As with the combined heave und roll motions,
the combined pitch and roll motions have a more adverse effect on the induced
lift than indicated by the static hover data.

Tests were also made with the pitch and rull angles 90° out of phase,
thus giving the deck a wobhling motion. For this moticn, the values of the
picch and roll angles are alwavs different, but when either the pitch or rell
angle is a maximum, the other angle is zero. Thus, an induced lift predict lon
can be made by using the static data obtained at the maximum values of both
pitch and roll. As shown in Figure 5-63, the dynamic induced liftr is sub-
stantially lower than the static prediction. These results further sub-
stantiate the adverse effects caused by the increased turbulent mixing action
during combined motions.

To summarize the above comparisons of the dynamic and static data, it
appears that predictions based on the static hover data can indicate the
general trends of the dynamic response to deck motion and would probably be
adequate for trade studies early in the design, However, the static hover
predictions are often optimistic, particularly for the more complex cembined
deck motions. Consequently, the static hover data do not provide the degree
of accuracy desired for aircraft design development,

5.3.2 Prediction Procedures for the Three Jet Subsonic Configuration -

The development of generalized prediction procedures of the jet-induced aero-
dynamics, even for static hover conditions, is complicated by the high degree
of configuration dependence which has been observed in this and manv other
programs, Due to this strong configuration dependence and the manv signi-
ficant test variables (i.e, height, roll, aircraft position relative to the
deck, etc.), the development of a generallized procedure for the prediccion

of the effects of deck motion 1s believed to require additional data at
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more amplitudes, [requencies, and neutral point sertings as well as more
tundamental data (see Section 3.3.3). However, based on the dynamic datn
obtained for the fullv-contoured subsonic model, expresslons uf the induced
aeradvnamics have been developed for selected deck motions,

Since the induced aerodvnamic responses to deck motion arce penerally of
a complex periodic nature, a potential expression for the variations invelves

4 Fourier series. For example, the induced lift expression would be of the

form:
K 2 2nnt
R - 2: . nwte TP LILS
JL/FG = Ao + An cos T + Bn sin T

where T is the fundamental period, n is the component frequency, K is the high-
est numbered coeffizient selected, and An and Bn are the Fcurier series coef-
ficients.

As indicated by the power spectral densities in Section 5.2.2, the in-
duced aerodvnamic re 'ses to deck motion generally occur at the frequency
of the morion and rultiples of this frequency. Use of a Fourier series
would include terns .ur these frequency components.

Fourier cseries curve fits for the induced lift variation with a heave
amplitude ot 0.5 Dje at an H/Dje of 0.8 and of 1,5 Dje at an H/Dje of 2 are
glven in Figure 5-69, An accurate fit of the dyvnamic data is apparent in both
cases, The Fourier series expressions include only tihwse terms corresponding
to the rfrequencies of the response indicated by the PSD's, 1In addition, the
relative value of each term is proportional to the respective anplitude In
the PSD, indicating that the Fourier series reflects the correct power at
each fregquency,

Fourler serles curve fits arce shown in Fivures 5-70 and 5-71 for the
induced 11ifr and pitching moment variations with pitch angle at H’])je values
of 0.8 and 2.0, Similar curves are provided in Figures 5-72 and 5-73 for
the induced 1lift and rolling moment variations with ro)l angle. Additicnal
plots are provided in Figure 5-74% for trequencies of 1 and 3 Hz. Good fits
of the data are scen In each case, using the terms in the Fourier series
which correspond to the response [requencies indicated in the PSD's,

Correlations were made of the Vourier series cocefficients with the
amplitudes and f{requencies ¢f the motiens, Hovever, these correlations were

not well behaved either due to the highly turbulent nature ol the phenomena
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or the inability to adequatelyv define the correlation, 1t is belicved that
data at more amplitudes, frequencies, and neutral point scttings would pro-
vide consistent correlations and thus, would allow the definition of the
dynamic response to any given amplitude of motion. Potential applications
for these formulations of tae dynamic responses to deck motion for a repre-
sentative V/STOL configuration are in the hover control system design and in
piloted computer-based simulations of the take-off and recovery operations
aboard ship.

5.3.3 Suggested Approach to the DevelopmenL of improved Prediction

Procedures - One area requiring improvement in the above apprcach, as far as
general applicability, is to relate the Fourier expressions to the significant
configuration variables such as the nozzle spacing, the inner region area,

and the total planform area. A more fundamental, less configurarion dependent
experimental program would supply much needed additional information relating
to the separate effects of the important configuration variables and test
conditions on the fountain and suckdown forces.

In the Reference 4 study, it was concluded that the fountain flowtield
is an area that requires much further investigation to improve the resultant
force and moment predictions IGE at static hover conditions. 1In addition,
it has been shown in this program that the fountain may well have the largest
impact on the induced force and moment variations with deck motion.

The predominant impact of the fountain can be demonstrated by combining
the dvnamic 1ift variation measured on the inner region plate model (repre-
senting the inner region of the subsonizc model) with the suckdown prediction
based on static hover data described in Section 5.1, Reasonably good agree-
ment between this induced lift variation and the dvnamic data for the complete
model 1s shown in Figure 5-75 for heaving deck motion,

A similar procedure was applied to the induced 1ift variation with roll
angle, again combining the dynamic data from the inner region model with the
suckdown variation with roll angle predicted from static hover data. Again,
fairly good agreement with the dvnamic data for the complete model can be
gseen in ¥ipure S-76.

These comparisons imply that the jet-induced aerodynamic variastions which
occur with deck motion primarily result from the modified fountain cushion
¢ffect and the fountain movement with an,ular motions., Thus, a parametric

test program utilizing 2, 3, and &4 nrozrle arrangements with corresponding

166
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inner region plate models would supply significant information to relate the
dynamic force and moment variations with the important configuration vari-
ables. By limiting the investigatior to the inner region, a truly parametric
test can be performed without being unduly restricted by the atrcraft plan-
form shape. A corresponding investigation on suckdown would also be bene-
licial by determining the conditions for which dynamic deck motion affects
suckdown,

Th.-se suggested experimental efforts, combined with the results of this
program, would provide the parametric data base to allow the formulation of
generalized empirical procedures for predicting the jet-induced force and
moment variations with deck motion. Particular emphasis should be placed on

combined motions, which would normally exist aboard ship.
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6. CONCLUSIONS AND RECOMMENDATIONS

Several significant conclusions ..ere derived from this program regarding
the propulsive lift system induced aerodynamlcs of V/STOL aircraft at both
static hover conditions and with deck motion. These conclusions are given
below along with recommendations for future studies.

6.1 CONCLUSIONS - The comclusions relate to the effects of model configura-
tion variables and deck motion.

Flanform Configuration

o The three-jet subsonic configuration has significantly lower induced
1ift loss than the three-jet sure¢ . -ic configuration primarily due .
to a lower planform to jet area .. 10 and a stronger fountain.

0 The induced aerodynamics of a configuration having a strong
fountain are sensitive to deck pitch and roll in ground effect (IGE).

Nozzle Arrangement

o 1Increasing the number and the fore to aft spacing of nozzles increases
the fountain strength and reduces the net lift loss.

o Locating the nozzles close to the planform edge or in a region where
the adjacent planform area is small, reduces suckdown.

Nozzle Simulation/Operation

o Nozzle vectoring vanes and other flow control devices can increase
suckdown and reduce the fountain strength which is attributed to a
more rapid free jet decay rate.

o Testing at the full scale nozzle pressure ratin is required to pro-
vide the most accurate flowfield simulation.

o The induced aerodynamics are very sensitive to the thrust bias
between the fore and aft nozzles.

Airframe Simulation

0 Simulation of the model lower surface contouring, particularly in
the fountain impingement region, can significantly affect the induced
aerodynamics IGE.

o Upper surface contouring appears to be unimportant without crosswind,

but placement of the airframe surfaces in the proper plane relative to

the nozzles is advisable,
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Simple flat plate planform models provide reasonable data trends
and incremental configuration effects, and thus can be used for

cconomical preliminary configuration studies.

Near typical gear heights, the induced lirt increases with wing

height,

Lift Improvement Devices (LID's)

o Properly designed LID's can significantly cnhance the induced
lift IGE and can be effective even at high roll angles
Deck Size ) .
o The deck size has no appreciable effect preovided the model 1s centered

o

over the deck and no superstructure is present,

Neck Motion

The responses of the induced aerodynamics to deck motion are of a
complex periodic nature at the same and/or multiples of the deck
motion frequency.

The responses are essentialiy instantaneocus IGE due to the high
velocity jets.

Up to 3 Hz, the motion frequency has little effect on the statisti-
cal response as indicated by a nearly cunstant transfer function.
However, frequency can affect the instantaneous vesponse character-
istics.

The induced lift resulving from fountain impingement increases as
the deck heaves toward the model.

For a configuration with high suckdown, a significantly higher lift
loss occurs when the deck hzaves away from the model,

Deck roll produces a destabilizing rolling moment due to the move-
ment of the fountain.

Based on tests with an inner region model, the fountain appears to
have the largest impact on the force and moment variations with deck

motion.

Prediction Procedures

o

Predictionsg based on static hover data can differ signifirantlyv from

actual dynamic data and often indicate lower 1ift loss and higher

moment variations, particular]y for combined motions,




o The differences between the static predictions and the dynamic
data are attributed primarily to increased turbulent mixing and
modification of the fountain impingement forces due to deck motion.
0 The induced aerodynamic variations can be accurately expressed with b -
Fourier series. E

6.2 RECOMMENDATIONS - Based on the results of this program, the following

recommendations are given to guide future efforts.

0 Inthenear term, further detailed analyses of the established data
base (e.g., examination of the individual force components comprising
the pitching and rolling moments) and supporting analytical efforts
would supply useful information for defining additional test and
analysis efforts. Potential results of such an effort could be a
method for correcting static data for single degree and possibly
multiple degree of freedom deck motions.

0 A parametric test program utilizing 2, 3, and 4 nozzle arrangements
with corresponding inner region plate models is recommended to iso-
late the deck motion and configuraticn effects on the fountain
forces.

o Parametric data at additional amplitudes, frequencies, and neutral
point settings are required to develop data correlations with
greater statistical confidence.

o Testing is recommended on a single representative V/STOL configuration ‘
with exact random ship motions generated from Reference 2., This %
testing should be conducted for more combined motions and should 3
include predicted aircraft motions superimposed on the deck motion.

o Investigations should be performed to more clearly define the effects
of planform to nozzle area ratio.

o Scale effects should be investigated by comparing small scale data
with large scale data on a configuration such as the Harrier.

o An investigation of the effects of ship superstructure and the
assoclated turbulence due to crosswind is recommended. Vﬁf

o Effort should be directed toward assessing the effects of aircrafc
position relative to the deck, which resulte in different jet

impingement lccations.
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o A computer simulation is recommended which would include six
degree-of-freedom equations of motion, a ship motion model,
dvnamic ground effects, a ship superstructure turbulence model,

and mathematical pilot model or autoland guidance equations.
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- 29 September 1978

NADC-77-107-30 ~ vofLl

ERRATA-March 1979

.-

! ' The following corrections are applicable to NADC-77-107-30,
' "Lift System Induced Aerodynamics of V/STOL Aircraft in a Moving
- -Deck Environment", 29 September 1978:

WP ST
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page 63

Reverse the symbols in the legend.

iy —Rovo 20¢

page 107

Change the ordinate values for the rolling moment from 0.02,
0.04, etc. to 0.002, 0.004, etc.

page 114

- s e pm A Fon e O ey BT 4

Change © = 0° to ¢ = 0° in the description of the test conditionms.

page 139

Change the ordinate values for the pitching moment from 0.2, 0.4,
etc. to 0.02. 0.04, etc. '

~ e

page 146 i

; Reduce the amplitude shown for the sinusoidal height variation
i (H/Dje) from 1,5 to 1.0 equivalent nozzle diameters.
page 149

Reverse the sinusoidal roll angle variation from lcading the
pitch angle to lagging the pitch angle. The roll angle variation




-2 -
should begln at ¢ = -10° instead of +10°.
page 162
Add the following Fourier coefficients to the figure.

Coefficients
 =0.026967 .
0.036964 R R
0.011011
0.003634
0.000268
-0.001497
-0.002599

o > W > >
b&‘NNO

a?

o
[-))

page 167

Add following label for solid line: Fourier Series Curve Fit.




